The biosynthesis and processing of cellulase from ripening avocado fruit was studied. The mature protein is a glycoprotein, as judged by concanavalin A binding, with a molecular weight of 54,200. Upon complete deglycosylation by treatment with trifluoromethane sulfonic acid the mature protein has a molecular weight of 52,800 whereas the immunoprecipitated in vitro translation product has a molecular weight of 54,000. This result indicates that cellulase is synthesized as a large molecular weight precursor, which presumably possesses a short-lived signal peptide. A membrane-associated and heavily glycosylated form of the protein was also identified. This putative secretory precursor was enzymically active and the carbohydrate side chains were sensitive to endoglycosidase H cleavage. Results of partial endoglycosidase H digestion suggest that this precursor form of the mature glycoprotein possesses two high-mannose oligosaccharide side chains. The oligosaccharide chains of the mature protein were insensitive to endoglycosidase H cleavage, indicating that transport of the membrane-associated cellulase to the cell wall was accompanied by modification of the oligosaccharide side chains. The presence of a large pool of endoglycosidase H-sensitive membrane-associated cellulase (relative to an endoglycosidase H-insensitive form) suggest that transit of this protein through the Golgi is rapid relative to transit through the endoplasmic reticulum.
The biosynthesis and processing of cellulase from ripening avocado fruit was studied. The mature protein is a glycoprotein, as judged by concanavalin A binding, with a molecular weight of 54,200. Upon complete deglycosylation by treatment with trifluoromethane sulfonic acid the mature protein has a molecular weight of 52,800 whereas the immunoprecipitated in vitro translation product has a molecular weight of 54,000. This result indicates that cellulase is synthesized as a large molecular weight precursor, which presumably possesses a short-lived signal peptide. A membrane-associated and heavily glycosylated form of the protein was also identified. This putative secretory precursor was enzymically active and the carbohydrate side chains were sensitive to endoglycosidase H cleavage. Results of partial endoglycosidase H digestion suggest that this precursor form of the mature glycoprotein possesses two high-mannose oligosaccharide side chains. The oligosaccharide chains of the mature protein were insensitive to endoglycosidase H cleavage, indicating that transport of the membrane-associated cellulase to the cell wall was accompanied by modification of the oligosaccharide side chains. The presence of a large pool of endoglycosidase H-sensitive membrane-associated cellulase (relative to an endoglycosidase H-insensitive form) suggest that transit of this protein through the Golgi is rapid relative to transit through the endoplasmic reticulum.
Cellulase has been shown to be induced to a high level during ripening of avocado fruit (4, 30) . Recent work has demonstrated, using a cellulase cDNA probe, that the increase in cellulase protein results from an increase in cellulase mRNA at the onset ofripening ( 14) . Although the induction ofcellulase is temporally associated with fruit softening (4, 30) , the substrate ofthis enzyme in vivo remains unclear (19) . In spite of our incomplete understanding of the role of cellulase in fruit softening, its high level of induction suggests that it plays an important role in fruit ripening, presumably by contributing to cell wall degradation.
In addition to its possible importance in determining textural properties of ripe avocado fruit, the basic regulatory mechanisms involved in cellulase gene expression and secretion are of great interest. Indeed, mechanisms of protein secretion from plant cells have received only scant attention. Two notable exceptions are studies of hydroxyproline rich protein (9, 13) and of aamylase secretion from cereal aleurone cells (23, 25, 28, 29, 31) . In both cases the presence of a short-lived signal peptide at the N-terminus of the protein has been demonstrated (9, 28, 29) . In addition to an N-terminal signal peptide, glycosylation and posttranslational modifications of proteins may play a role in targeting secreted proteins to the correct cellular compartment (17) . Studies of intracellular transport of legume storage proteins have demonstrated that intracellular targeting may be accompanied by co-translational glycosylation (5) and posttranslational processing of either the carbohydrate (11) or polypeptide moiety (6) of the transported protein. Considerably less is known about the pathway and processing events associated with secretion of proteins to the cell wall. As a first step in describing the molecular basis of secretion of ripening-associated proteins we have characterized the molecular forms of avocado cellulase following synthesis, processing, and secretion to the cell wall. (24) . For immunodetection of cellulase, proteins were electroblotted to nitrocellulose (Bio-Rad) essentially as described by Burnette (7). The transfer buffer contained 150 mM Tris, 20 mM glycine, 20% methanol, and 0.01% SDS and transfer was carried out at 1 A for 75 to 90 min. Protein blots were first incubated in 20 mm Tris, 150 mm NaCl (pH 7.5) (TBS) supplemented with 3% BSA. Cellulase protein was detected by incubation in TBS with cellulase antiserum (1:15,000 dilution) followed by two washes in TBS supplemented with 0.05% Tween-20. The blot was then incubated in TBS with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2000 dilution) (Bio-Rad) and, following two washes in TBS supplemented with 0.05% Tween-20, developed in TBS with 0.5 mg/ml 1-chloro-4-naphthol (Bio-Rad) and 0.01% H202. Biotinylated proteins were used as mol wt markers on protein blots as previously described ( 15 (2) . Immunoprecipitation of in vitro translation products was carried out using heat killed, formalin fixed Staphyloccous aureus cells (Miles Laboratories) as described (22) .
MATERIALS AND METHODS
Assays. Cellulase activity was assayed viscometrically using carboxylmethylcellulose (Sigma) as substrate as described by Awad and Lewis (3) in the presence of 0.1% Triton X-100. Phospholipids were assayed according to Stewart (33) . Protein was assayed according to Markwell et al. (27) . Enzyme linked immunosorbent assays of cellulase in column fractions were carried out by binding protein (antigen) to microtiter plate wells and quantifying cellulase protein by reaction with cellulase antiserum and horseradish peroxidase conjugated goat anti-rabbit IgG (32) . The peroxidase substrate used was 2,2'-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS; Sigma) and 0.01% H202. Absorbance was measured with a microtiter plate reader (Flow Laboratories).
RESULTS
Cellulase Purification. Our purification scheme represents an extension of the purification of avocado cellulase previously reported by Awad and Lewis (3). We begin by making a two step (NH4)2SO4 precipitation that results in an extract enriched in cellulase (Fig. 1, lane 1) . Our first purification step employed a cellulose column in an affinity purification step originally used by Awad and Lewis (3) . This results in a high degree of purification (Fig. 1, lane 2) . However, less than 50% of cellulase binds to the cellulose column, resulting in low recovery. Rather than repeating this low yielding step, as described previously (3), we substituted two other chromatographic purification steps. The first step was lectin affinity chromatography using ConA-Sepharose 4B. All of the applied cellulase bound to ConA-Sepharose 4B column and was quantitatively eluted with 100 mm amethylmannoside. A final gel filtration chromatographic step (Sephacryl S-300) was employed to yield essentially pure cellulase (Fig. 1, lane 4) . This purified mature form of cellulase was used for comparison with other forms of cellulase on SDS polyacrylamide gels.
Membrane-Associated Cellulase. Chromatography of an avocado extract on Sepharose 4B revealed two peaks of cellulase protein ( Fig. 2A) and of cellulase activity (Fig. 2C) To quantify the relative levels of cellulase activity in the two Sepharose 4B column peaks it was necessary to ensure that the enzyme effect on carboxylmethyl cellulose viscosity (N3-366) was linear with time (1) . Figure 3 shows the time course of the cellulase activity for equal volume aliquots taken from fraction 4 or 13 of the Sepharose 4B column elution (Fig. 2) . In both cases the activity was linear over a 6 h time period and the kd 1 9 relative cellulose activity in each fraction could be determined from the slopes of the lines (1). Based on these slopes and on the quantitation of cellulose protein by enzyme-linked immunosorbent assay it was possible to estimate the relative specific activities of cellulose in fractions 4 and 13 (Table I) . Although this activity is not expressed in absolute terms, the similarity in relative values indicates that the membrane-associated cellulose possesses enzymic activity of similar magnitude as the soluble form of cellulas6.
We next examined whether the membrane-associated cellulose was adsorbed to membrane surfaces or present within membrane vesicles. The accessibility of the membrane-associated cellulose to trypsin digestion was used as a criterion to identify exposed portions of the cellulose protein. In the absence of membranedisruptive agents cellulose protein was protected from proteolysis (Fig. 4, lane 4) . In the presence of 0.05% Triton X-100, or following sonication, cellulose became exposed to the proteolytic action of trypsin (Fig. 4, lanes 6 and 7) . This result suggests that membrane-associated cellulose is not simply absorbed to the membrane surface and may be present in a soluble form within membrane vesicles.
Deglycosylation of Membrane-Associated Cellulase. The membrane-associated cellulase was approximately 2500 D larger than the mature (soluble) cellulose, as judged by SDS-PAGE ( Fig. 2A) . To determine whether this apparent size difference was due to differential glycosylation of the two cellulose forms we treated the proteins with endoglycosidase H, an enzyme that cleaves high-mannose oligosaccharide side chains between the two proximal GlcNAc residues (34) . Before endoglycosidase H treatment the cellulose protein was pretreated with either 0.2% Triton X-100 or by heating to 100°C in the presence of 0.2% SDS. The membrane-associated cellulose was sensitive to endoglycosidase H treatment whereas the mature cellulose was not (Fig. 5) . When the membrane-associated cellulose was pretreated with Triton X-100, endoglycosidase H treatment yielded three distinct cellulose bands of approximately 56,500, 54,800, and Relative cellulose activity was determined from the slopes of the lines in Figure 3 . The relative amount of cellulose in each fraction was determined by ELISA (see "Materials and Methods") using serial dilutions of aliquots from fractions 4 and 13. The values shown were determined from a linear region of the assay and corrected to represent the absorbance developed from a 10 Ml aliquot of each fraction. The relative specific activity was calculated as the ratio of activity per unit absorbance from the ELISA.
Relative (34) .
The subcellular localization of the membrane-associated cellulase was not determined. Proteins targeted to either the cell wall or protein bodies are generally thought to be synthesized on ribosomes bound to ER. The ER has also been shown to be the site of glycosylation of pea storage proteins (12) . It is therefore likely that cellulase is synthesized and glycosylated in the ER. Modification of glycoprotein high-mannose oligosaccharides by the removal of glucose and mannose residues and readdition of other sugar residues renders the glycoprotein insensitive to endoglycosidase digestion (1 1, 21) . These carbohydrate processing events have been shown to occur in the Golgi apparatus in both plant (I 1) and animal cells (21) . The Plant Physiol. Vol. 81, 1986 cosidase H insensitive cellulase, this further indicates that processing of cellulase through the Golgi is relatively fast compared to the transit time of this protein through the ER. A similar conclusion regarding transport of phytohemagglutin through the ER and Golgi of bean cotyledons has been reported (10) .
